Abstract
assess the performance of both control approaches is presented and applied to captured by the WPP from 1.86% up to 6.24% may be achieved (depending on 29 the angle of attack (α) [19] . As it is shown in Figure 1 , the blade is assumed to . . 
97
Assuming that there is no aerodynamic interaction between elements, the 98 following equations can be derived from Figure 2 .
where ρ is the air density, U is the velocity of undisturbed air flow, a is the 
Likewise, dF L is the incremental lift force, dF D is the incremental drag 107 force, dF N is the incremental force normal to the plane of rotation and dF T is 108 the incremental force tangential to the circle swept by the rotor [19] .
109
Combining from Eqs. (3) to (6) and considering a turbine with B blades,
110
dF N and dQ (torque differential) can be calculated as
Hence, thrust and torque experienced by the turbine can be expressed as a 
whilst, from the blade element theory, the normal force (dF N ) and dQ are 126 obtained as [19] 127
where dF N is equivalent to dT , U rel is substituted by Eq. (2) and σ is the local 128 solidity, defined by
Thus, combining the two theories according to the procedure explained in 130 detail in [19] , the power and thrust coefficients (C P and C T , respectively) can 131 be computed as
which after some mathematical manipulations leads to the following expressions
133
[20]
Notice that according to the formulas above, C P is for the whole turbine, 
Tip losses

139
In order to compute C P and C T coefficients more accurately, the effect of The most straightforward way to compute this losses is by using the semi- following correction factor F delimited between 0 and 1.
This correction factor affects the forces derived from the linear momentum 148 theory as follows presented below for the sake of clarity.
166
• Single wake:
where U 2 is the wind speed at distance x from the turbine, D is the • Partial wake:
where U T j is the wind speed of the downwind turbine j, k is the upwind 175 turbine, U 1 is the initial wind speed entering into the wind turbine k,
176
U ps,T k is the shadow of k falling on the j th wind turbine, N is the number 177 of wind turbines k that partially affect wind turbine j and β T j,T k is the 178 ratio (the weighting factor) of the shadow area by the wake to the total 179 rotor area (see Figure 4 ).
180
• Multiple wakes:
where U 1 is the initial free stream velocity, N is the total number of upwind i and U x is the wind speed such that all the wakes are taken into account. in full load region, the torque reference signal is fixed whereas the pitch 214 control is activated to limit the captured power to its nominal value. The power coefficient (C P ) and thrust coefficient (C T ) curves used for the The procedure of obtaining the optimal operating points of each wind turbine 240 that maximise the total WPP power generation is described as follows:
241
•
Step 1: Firstly, the power generated by the upstream wind turbines is 242 calculated for all their operating points (i.e., varying their tip speed ratios, 243 λ 1 , from 2 to 9). For this particular example, only the power produced 244 by WT1 is computed since it is assumed that the wind comes just from 245 the one direction indicated in Figure 9 . Thereby, the power generated by 246 WT1 can be expressed as
where U 1 is the upwind speed and the power coefficient, C P , is only de- 
253
• Step 2: Secondly, the power produced by the first turbines affected by 254 the wake effect (in this case WT2) is computed according to the following
As it can be seen, it depends on two parameters: λ 1 and λ 2 . The former 257 has an influence on wind speed of WT2 (U 2 ) by modifying the C T (λ 1 ) 258 value (using Eq. (22)), whilst the latter changes the power coefficient of of λ 1 and λ 2 parameters, is depicted in Figure 10 .
262
It should be noted that maximum power generation for WT2 is achieved 
In this example, WT3 operates at its optimum point (C (U 3 ), it is computed by considering the multiple wakes described in Eq.
272
(24). Figure 11 shows the power P W T 3 obtained by sweeping λ 1 and λ 2 273 from 2 to 9.
274
As expected, the maximum power that can be generated by WT3 occurs 275 when the operating points of WT1 and WT2 are minimum. • Step 4: Finally, the total power produced by the set of the three wind 277 turbines (P T OT = P W T 1 + P W T 2 + P W T 3 ) is presented in Figure 12 . as a function of λ 1 and λ 2 . Upwind speed = 9.5 m/s.
278
As it can be seen, P T OT reaches its maximum value for λ * 1 = 6.12 and it does not pose a problem for the purpose of the study since the optimal 282 operation points obtained for each turbine are within these boundaries.
283
Given the new tip speed ratios for each wind turbine, their new nominal 284 operating points can be obtained, as it is shown in Table 1 . In order to compare shown in Table 1 . 
307
It is important to note that the wind direction assumed for this conceptual 308 case study is always kept constant (best possible scenario for the proposed con-309 cept). Thus, in order to accurately quantify both WPP operation alternatives,
310
this methodology is applied to a realistic case study, in which the wind direction 311 is changing with the time. 
Application case
313
The wind power plant layout of the system under study is shown in Figure   314 15. It consists of 9 wind turbines laid out in a rectangular matrix of 3 rows and 
30
• each.
324 Figure 16 displays the wake effect within the wind farm for each wind direc-325 tion sector considered in the study. As it can be seen, the impact of wake effect 326 on the wind turbines can be classified into three main groups:
327
• for wind direction sectors of 0 and none by multiple wakes).
336
Analogously to the previous case, the procedure of obtaining the optimal 337 operating points of each wind turbine, for each wind direction sector, that max-338 imise the total WPP power generation is carried out. Table 2 
240
• and 300
• is very limited, as expected.
355
Finally, the energy yield per year by the WPP, for both control strategies in Figure 19 and detailed in Table 3 . 
Conclusions
370
In this paper, the potential benefit of operating some wind turbines at their 371 non-optimum points in the attempt of reducing the wake effect within a wind 372 power plant, such that its total power output is maximised, is analysed from 
